Abstract. The purpose of this study was to determine the effects of baicalein and wogonin, which are compounds derived from the Chinese herb Scutellaria baicalensis, in suppressing the viability of HT-29 human colon cancer cells. Following treatment with baicalein or wogonin, several apoptotic events were observed, including DNA fragmentation, chromatin condensation and increased cell cycle arrest in the G1 phase. Baicalein and wogonin decreased Bcl-2 expression, whereas the expression of Bax was increased in a dose-dependent manner compared with the control. Furthermore, the induction of apoptosis was accompanied by an inactivation of phosphatidylinositol 3-kinase (PI3K)/Akt in a dose-dependent manner. The administration of baicalein to mice resulted in the inhibition of the growth of HT-29 xenografts without any toxicity following 5 weeks of treatment. The results indicated that baicalein induced apoptosis via Akt activation in a p53-dependent manner in the HT-29 colon cancer cells and that it may serve as a chemopreventive or therapeutic agent for HT-29 colon cancer.
Introduction
Colorectal cancer is a growing health problem. It is a leading cause of cancer mortality in men and women and affects more than one million people annually worldwide (1) . The features of the disease usually occur progressively over a protracted period due to increased genomic instability, leading to the upregulation of oncogenes and the downregulation of tumor suppressor genes (2) . Studies have shown that major intracellular signaling pathways are altered during tumorigenesis, leading to the dysregulation of processes such as proliferation and survival (3) .
The induction of apoptosis in tumor cells is a strategy used in antitumor therapy. The balance between survival-and apoptosis-signaling pathways controls tumor pathogenesis. A number of flavonoids exert potent antitumor activity through the induction of apoptosis and cell cycle arrest in several tumor cell lines (4, 5) . Flavonoids, a group of polyphenolic compounds, are natural products present in numerous fruits and vegetables and in all vascular plants (6) . The antitumor activity of flavonoids has been the subject of much attention.
Scutellaria baicalensis, known as Chinese skullcap and Huang Qin, contains several flavonoids and is a widely used herb in traditional Chinese medicine with antitumor, antiviral, antibacterial and anti-inflammatory properties (7) (8) (9) (10) (11) . Baicalein and wogonin are flavonoid-like chemical compounds which are found in Scutellaria baicalensis and have been reported to inhibit cell growth and induce apoptosis in various tumors (12, 13) . However, the precise mechanisms by which baicalein and wogonin induce apoptosis are not yet known.
We compared the antitumor efficacies and mechanisms of action of baicalein and wogonin in HT-29 human colorectal tumor cells. Additionally, a mouse xenograft model was used to evaluate the antitumor activities of baicalein and wogonin in vivo. Understanding the underlying mechanisms of baicaleinand wogonin-induced apoptosis may benefit the development of chemopreventives and chemotherapeutics for colon tumors.
Materials and methods
Cell culture and reagents. The HT-29 cells were obtained from the Korean Cell Line Bank (KCLB, Korea) and were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cells were subsequently incubated for 2 h at 37˚C in an atmosphere of 5% CO 2 . Wogonin was purchased from Wako (Osaka, Japan). Baicalein, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide], dimethylsulfoxide (DMSO) and propidium iodide (PI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The RPMI-1640 medium, penicillin/streptomycin and trypsin-EDTA were obtained from Hyclone Laboratories, Inc. (Logan, UT, USA). FBS was obtained from Gibco-BRL (Grand Island, NY, USA). Anti-Akt, anti-phospho-Akt (Ser473), anti-Bcl-2, anti-Bax, anti-p53, anti-p21, anti-cleaved-poly(ADP-ribose) polymerase (PARP), anti-phospho-GSK-3β, anti-cyclin-B1, anti-survivin and anti-β-actin were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). Anti-cyclin D1 (HD11) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Cell lysis buffer and 4' ,6-diamidino-2-phenylindole (DAPI) were obtained from Invitrogen Life Technologies (Carlsbad, CA, USA). The fluorescein isothiocyanate (FITC)-conjugated annexin V apoptosis detection kit was purchased from BD Biosciences (San Diego, CA, USA).
Cell viability assessment. Cells were seeded in 12-well plates at 5x10 4 cells/well (24 h) and 4x10 4 cells/well (48 h) and then incubated with either baicalein or wogonin at 0, 25, 50 and 100 µM for the indicated times. The medium was removed and the cells were incubated with 1000 µl MTT solution (2 mg/ml MTT in PBS) for 4 h. The optical densities of the solutions were determined using a spectrophotometer (Ultrospec 2100 pro; Amersham Biosciences, Piscataway, NJ, USA) at 540 nm. The cell viability was expressed as the optical density ratio of the treated cells to the control.
Nuclear morphology. Cells were seeded in 12-well plates at 4x10 4 cells/well and then incubated with either baicalein or wogonin at 0, 25, 50 and 100 µM for 48 h. Following treatment, the cells were fixed with 4% paraformaldehyde in PBS for 30 min in an incubator. The fixed cells were washed twice with PBS and the cell nuclei were stained with DAPI in PBS. Specific fluorescence was observed using a fluorescence microscope (Bx-41; Olympus, Tokyo, Japan). Flow cytometric analysis of the cell cycle. HT-29 cells (1.5-2x10 5 ) were seeded in 25-cm 2 flasks. After 24 h, the medium was replaced with fresh medium (control) or fresh medium supplemented with baicalein or wogonin. After 2 days of incubation (at 50-60% cell confluence), the cells were trypsinized, collected and centrifuged for 5 min at 1,700 rpm. The cell pellets were washed twice with PBS and then fixed with 70% ethanol for 30 min. DNA fragments were then stained with 50 µg/ml PI and 100 µg/ml of RNase (Sigma-Aldrich) in PBS for 30 min at room temperature. The viable cells were sorted and the fluorescence intensity was measured by flow cytometry.
Western blotting. Briefly, floating cells were collected and protein concentrations were measured using the Bradford assay (14) . Equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then electrophoretically transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The transferred membranes were blocked with Tris-buffered saline containing 5% non-fat dry milk and 0.1% Tween-20 for 2 h at 4˚C.
The blocked membranes were incubated with primary antibodies overnight at 4˚C with gentle agitation. The membranes were then incubated with horseradish peroxidase-conjugated goat anti-mouse and anti-rabbit IgG secondary antibodies for 1 h at room temperature with gentle agitation. After washing, the bands were visualized using enhanced chemiluminescence (ECL) detection reagents (Pierce Biotechnology, Inc., Rockford, IL, USA).
Nude mouse xenograft assay. Male nude mice (6 weeks old) were purchased from Orient Ltd. (Seoul, Korea). Xenografts were established by subcutaneous injection of in vitro-cultured HT-29 cells (10 6 cells/200 µl) into the flanks of donor nude mice. All procedures involving the use of the animals were approved by the Institutional Animal Care and Use Committee of Kong-Ju National University and were carried out in accordance with the ethical guidelines.
When the tumors reached ~1000 mm 3 in size, the mice were anesthetized with diethyl ether and the tumor masses were obtained surgically from the mice. The masses were sliced into 2x2 mm fragments using a grid and the tumor fragments were implanted surgically into the subcutaneous tissue of the right flank of each mouse (15) . The mice were randomized into three groups each comprising four mice (two tumors/mouse). In the treatment groups, animals were treated orally with baicalein or wogonin (10 mg/kg) three times/week for 43 days starting on the day of tumor cell implantation. The control mice received an equal volume of the vehicle. The tumors were measured in two diameters with calipers to permit calculation of the tumor volume using the formula:
, where D and d are the larger and smaller diameters, respectively. The statistical significance of differences in tumor volume, wet tumor weight and body weight between the control and treated mice were assessed by the Student's t-test.
Preparation and administration of baicalein and wogonin.
Groups of four mice were randomly assigned to receive one of the treatments starting on the day of implantation of the tumor fragment. In the control group, each mouse was administered corn oil (0.2 ml/day) every day for 5 weeks. In the treatment groups, each mouse was administered 10 mg/kg baicalein or wogonin every day for 5 weeks.
Immunohistochemistry. Briefly, 4-µm-thick sections were cut from paraffin-embedded tissue blocks. The sections were deparaffinized and hydrated by sequential immersion in xylene and graded alcohol solutions. The endogenous peroxidase activity was quenched by treatment with 3% hydrogen peroxide for 5 min at room temperature. The sections were incubated with primary antibodies for 1 h at 37˚C and then with the secondary antibody for 30 min at room temperature. Staining was performed using diaminobenzidine (DAB) and counterstaining was performed using methyl green. For the negative control, the incubated antibody diluent was used as a substitute for the primary antibody.
Apoptotic cell detection using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. Tumor tissues were examined using the Dead End™ Colorimetric TUNEL System (Promega Corporation, Madison, WI, USA). After dewaxing and rehydration, the sections were treated with proteinase K (20 µg/ml) for 15 min at room temperature. Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in PBS for 5 min. Digoxigenin dUTP end-labeled DNA was detected with anti-digoxigenin peroxidase, followed by peroxidase detection with 0.05% DAB containing 0.02% hydrogen peroxide. Tissue sections were counterstained with methyl green. Three randomly selected fields in each tumor section were counted for apoptotic bodies.
Statistical analysis. All data are expressed as the mean ± SE (standard error). One-way ANOVA was used to analyze statistical differences among multiple comparisons. P<0.05 was considered to indicate a statistically significant result. Baicalein and wogonin demonstrated significant cytotoxicity after 48 h. In the 24-h and 48-h treatment groups, wogonin (150 µM) reduced cell viability by 27.28 and 51.66%, respectively. Baicalein (100 µM) reduced cell viability by more than 50% in the 48-h treatment group. Fig. 1C indicate that baicalein and wogonin induced sub-G1 and G2/M arrest. In the cells treated with baicalein, when the drug concentration was increased from 25 to 100 µM, the percentage of cells in the sub-G1 phase increased from 0.8 to 15.45% and the percentage of cells in the G2/M phase (apoptotic fraction) increased from 14.87 to 36.08%. However, the S phase was not markedly altered by baicalein.
Results

Cell growth inhibition
Effects of baicalein and wogonin on cell cycle arrest and induction of apoptosis in HT-29 cells. The results shown in
In the cells treated with wogonin, when the drug concentration was increased from 25 to 100 µM, the percentage of cells in the sub-G1 phase increased from 0.62 to 9.57% and the Apoptosis assessment by DAPI staining and annexin V and PI double staining. The quantified results of the DAPI staining are presented in Fig. 2A . A dose-dependent increase was observed in the number of HT-29 cells showing nuclear condensation and fragmentation following treatment with either baicalein or wogonin (25, 50 and 100 µM) for 48 h (Fig. 2A) . Treatment of the HT-29 cells with wogonin for 48 h significantly increased the percentage of apoptotic cells from 0.11% in the control group to 0.12% (25 µM), 0.88% (50 µM) and 0.93% (100 µM). Treatment of the HT-29 cells with baicalein for 48 h significantly increased the percentage of apoptotic cells from 0.11% in the control group to 16.27% (50 µM) and 25.92% (100 µM).
Additionally, flow cytometric analysis with annexin V/PI double staining was used to determine the levels of apoptosis elicited by baicalein and wogonin. The percentages of apoptotic cells induced by 25, 50 and 100 µM baicalein were 0.15, 17.74 and 25.22%, respectively, whereas only 0.01% of the control cells were apoptotic (Fig. 2B) . The results clearly indicate that baicalein induced apoptosis in the HT-29 cells.
Intracellular signaling in baicalein-and wogonin-induced apoptosis.
To obtain further evidence of the apoptosis-inducing effect of baicalein in HT-29 cells, the expression levels of caspase-3, which is the key indicator of intracellular signaling in apoptosis, were determined. Cleaved caspase-3 levels were increased following treatment with 25, 50 and 100 µM baicalein and 100 µM wogonin for 48 h (Fig. 2C) .
We also investigated whether the apoptosis was linked to the expression of the Bcl-2 (anti-apoptotic) and Bax (pro-apoptotic) proteins, which are central regulators of apoptosis. Following incubation with 25-100 µM baicalein or wogonin for 48 h, the expression level of Bcl-2 decreased markedly, whereas that of Bax increased significantly. Additionally, baicalein induced a significant increase in PARP cleavage compared with the control group (Fig. 2C) . To assess the involvement of the Akt pathway in the apoptosis, the levels of phosphorylated Akt protein were investigated by western blotting. The amount of active phosphorylated Akt was clearly reduced by the baicalein treatment while the total Akt expression level was unchanged (Fig. 3) . As observed in Fig. 3A , the p53 protein level was reduced by the baicalein treatment. Since phospho-GSK-3β is another downstream effector of Akt, we also investigated the phospho-GSK-3β expression levels by western blotting. As shown in Fig. 3A , the phospho-GSK-3β expression level was markedly downregulated by the baicalein treatment, consistent with the inhibition of Akt phosphorylation following treatment. Also, the baicalein and wogonin treatments clearly reduced phospho-caspase-9 levels.
As shown in Fig. 3B , the protein levels of cyclin D1 and cyclin B1, as assessed by immunoblotting, were reduced in a concentration-dependent manner (Fig. 3B) . The amount of survivin was also reduced by the baicalein treatment (Fig. 3B) .
Inhibition of colon tumor growth by baicalein and wogonin in xenograft models. Next, we investigated the effects of baicalein and wogonin on colon tumor cells in vivo. Our results revealed that significant tumor growth inhibition occurred in the baicalein-treated mice compared with the untreated mice (Fig. 4A) . Additionally, baicalein was shown to significantly (Fig. 4A) . The inhibition rates for baicalein and wogonin were 29.33 and -4.29%, respectively (Table I) . Baicalein inhibited the colorectal tumor growth to 87% of control values (n=4; P<0.05), whereas the colorectal tumor growth following wogonin treatment was not significantly different from that of the controls. The difference in trends was statistically significant (P<0.001). The average tumor volumes are shown in Table I and reveal that baicalein suppressed colon tumor growth in the xenograft model.
Additionally, in the mice treated with 10 mg/kg baicalein or wogonin, when body weight, organ histology and kidney function were compared with those of the controls, no evidence of drug-related toxicity was observed (data not shown).
Effects of baicalein and wogonin on p21 and p53 levels in HT-29 cells.
A TUNEL assay was performed on the tumor tissues from the experimental animals. A marked increase in the number of apoptotic cells in the baicalein-treated HT-29 tumor xenograft tissue was observed, as indicated by the dark brown nuclear staining of the apoptotic cells. However, no significant induction of apoptosis was observed in the wogonin-treated cells (Fig. 4C) . These in vivo results support the in vitro findings that baicalein had an apoptotic effect in HT-29 cells.
The morphological aspects of the apoptosis were studied immunohistochemically in the HT-29 cells following treatment with baicalein and wogonin. Increases in the p53 protein levels were detected in the baicalein-and wogonin-treated HT-29 cells. Although p21 protein is rarely observed in the wogonin-treated and control tumor tissues, it was definitely identified in the baicalein-treated tissues. These data indicate that increased levels of p53 and p21 are involved in baicaleininduced apoptosis, whereas only a slight induction of p21 was detected in the wogonin-treated cells (Fig. 4C) .
Morphological analysis of hematoxylin and eosin-stained tissue sections was also performed (Fig. 4C) . However, only a few mitotic nuclei cells were observed following the baicalein and wogonin treatments. A B
C Discussion
We evaluated and compared the antitumor effects of baicalein and wogonin, two compounds derived from S. baicalensis.
The human colon tumor cell line HT-29 was cultured in the absence and presence of varying concentrations of baicalein and wogonin. Moreover, to understand whether the baicaleinand wogonin-induced inhibition of cell viability was due to cell cycle arrest, PI staining was performed. Flavonoid treatment resulting in histone hyperacetylation leads to manifold effects in tumor cells, including the modulation of gene expression and cell death, and occurs to varying extents in different cell types. As shown in Fig. 1 , wogonin induced cell death in HT-29 cells with a higher percentage of necrosis than apoptosis. Since PARP causes ATP depletion, it appears plausible that its inhibition favors apoptosis over necrosis, as apoptosis is an ATP-dependent, energy-consuming process (16) . Thus, the prevention of mitochondrial dysfunction and ATP depletion appear to be involved in switching the mode of wogonin-induced cell death in the HT-29 cells from a necrotic to a mainly apoptotic type. The primary trigger of wogonin-induced cell death, downstream of histone acetylation, remains to be identified.
Evidence suggests that the proteolytic degradation of specific substrates is responsible for many of the morphologic and biochemical features of apoptosis. Increased levels of nuclear fragmentation and total apoptosis were observed in the cells by DAPI staining ( Fig. 2A) and annexin V/PI double staining (Fig. 2B) , respectively. The assays demonstrated that baicalein significantly inhibited cell growth and induced apoptosis more potently than wogonin in the HT-29 cells ( Fig. 2A and B) .
Previous studies have demonstrated that Bcl-2 protein family members significantly regulate apoptosis, either as activators (e.g. Bax) or as inhibitors (e.g. Bcl-2) (17, 18) . In the present study, we identified that baicalein and wogonin treatment significantly induced mitochondrial damage and apoptosis, modulated Bcl-2 and Bax protein expression and led to mitochondrial dysfunction, caspase activation and PARP cleavage in HT-29 cells (Fig. 2C ). Our data demonstrate that baicalein-and wogonin-induced apoptosis is related to increased levels of Bax and decreased levels of Bcl-2 and also the induction of mitochondrial dysfunction, leading to the apoptosis of the HT-29 cells.
Caspase-3 is one of the key executioners of apoptosis, as it is either partially or completely responsible for the proteolytic cleavage of a number of key proteins, including PARP. PARP is critical for cell viability. The cleavage of PARP facilitates cellular disassembly and serves as a marker of cells undergoing apoptosis (16) . Our in vitro results in HT-29 cells indicate the concurrent occurrence of apoptotic DNA fragmentation, caspase-3 activation and PARP cleavage in the baicalein-treated HT-29 cells (Fig. 2C) . These results indicate that the induction of apoptosis by baicalein is mediated by a p53-dependent or p53-independent pathway followed by the stimulation of the activities of caspase-3 and endonuclease. The cross-linking between the p53-dependent and p53-independent pathways in the baicalein-and wogonin-induced apoptosis remains unclear.
The phosphatidylinositol 3-kinase (PI3K)/Akt pathway is associated with cell survival through the activation of anti-apoptotic downstream effectors (19, 20) . Therefore, we investigated the expression of phosphorylated caspase-9, a downstream target of Akt, and found that the baicalein treatment significantly reduced the levels of phospho-caspase-9 (Ser196). These data suggest that the baicalein-induced apoptosis was caspase-9-dependent. Also, changes in the levels of phospho-Akt, phospho-GSK-3β, cyclin B1 and cyclin D1 suggest that the Akt-mediated canonical Wnt-signaling pathway was downregulated by baicalein in the colon tumor cells (Fig. 3A and B) . Inhibition of the Akt pathway downregulates survivin expression and enhances apoptosis in tumor cells (21) . Thus, baicalein elicits activation of Akt that may be caused by self-protection of tumor cells, which resist cell death by defending the survivin level. The blockade of the PI3K-Akt pathway by PI3K and Akt inactivation enhanced the reduction of survivin levels and promoted cytotoxicity in the baicaleinexposed cells.
We then investigated whether the growth-inhibitory activity observed with baicalein treatment in vitro would also occur in vivo. Our results demonstrated that tumor growth was significantly inhibited in the baicalein-treated mice compared with the untreated mice ( Fig. 4A and B) .
The in vivo experiments also served to examine the mechanism of the baicalein-induced apoptosis in the nude mice. Several studies have shown that the upregulation of p53 and p21 proteins results in the inhibition of molecules related to tumor cell growth and proliferation (22, 23) . We identified that the levels of the apoptosis-related proteins induced by baicalein, particularly p53 and p21, were higher in the tissues of the baicalein-and wogonin-treated groups than those of the control group (Fig. 4C) . Additionally, an increase in TUNEL-positive cells was found in the baicalein-treated group compared with the control group (Fig. 4C) . These in vivo findings support the in vitro data and suggest that baicalein moderates apoptotic cell death in the HT-29 colon tumor xenografts through a p53-mediated apoptotic response.
Together, these results indicate that baicalein induces apoptosis in HT-29 cells via Akt inactivation and in a p53-dependent manner and that baicalein is a potential chemopreventive and therapeutic agent for colon tumors. These results should further contribute to the understanding of the antitumor activities of flavonoids. 
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